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CHAPTER I

SCOPE, PURPOSE, AND PLAN OF ATTACK

Due to the vital importance of overload protection in all hydraulic

systems, the failure or malfunction of pressure relief valves should be

guarded against. In order to insure the reliability of a pressure relief

valve, such valves should be chosen according to stringent specifications

and ratings. In particular, the contaminant sensitivity of pressure

relief valves should be a characteristic highly respected. However,

because of the absence of an industrially acceptable relief valve con-

taminant sensitivity evaluation technique, this crucial concept has

largely been neglected.

The scope of this study was to develop an assessment and rating

technique for the contaminant sensitivity of fluid power pressure relief

valves. The results of this study would therefore be the development

of:

1. A qualified contaminant sensitivity test procedure.

2. An evaluation technique to analyze data generated with this procedure.

3. A rating system which could be used for direct comparison purposes

and which could be used to specify filtration requirements.

4 4. The ability to predict the life of a relief valve given any field

contaminant level and duty cycle.

The plan of attack used to accomplish the scope of this study was

to:



1. Investigate all of the modes of failure to which pressure relief

valves are susceptible.

2. Investigate and evaluate all previously used contaminant sensitivity

assessment procedures for relief valves.

3. Develop alternative test and evaluation techniques.

4. Using the preceeding information, develop a new test and evaluation

technique.

5. Develop a computer program to process laboratory data into the de-

sired information.

6. Summarize and compare the contaminant sensitivity of the major

designs of relief valves.
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CHAPTER II

THE MECHANISMS OF PERFORMANCE DEGRADATION IN RELIEF VALVES

As with all other type fluid power valves, the performance of pres-

sure relief valves is adversely affected by particulate contaminants

entrained in the working fluid. The degree to which each individual valve

is affected is referred to as its contaminant sensitivity. For relief

valves, there are two basic modes by which performance degradation due to

contaminant can occur: contaminant lock and contaminant wear.

As is the case with directional control valves, if relief valves

are allowed to remain idle in a contaminated environment for long periods

of time, the pressure regulating poppets and spools can become "silted"

by contaminant particles lodging in the clearances between the spool

and the valve housing. If silting does occir, the spools become jammed

or unable to move, thus creating the condition of a total loss of pressure

relief capability. Even though this is potentially the most catastrophic

form of relief valve failure, the likelihood of contaminant lock occur-

ring in a moderately clean environment is very small.

Considering the other mode of relief valve degradation, contaminant

wear effects are less drastic than the results of contaminant lock; how-

ever, the mechanism of contaminant wear is constantly working despite

even a moderately clean environment. Because the condition of a per-

fectly clean fluid in the field is unrealistic, contaminant wear is

a process which cannot be eliminated, only retarded. As severe as this

statement might seem, the effects of contaminant wear in relief valves

3



can, however, be reduced to an insignificant level given the proper

protection. From this discussion, it should thus be apparent that of

the two modes of failure to be guarded against, performance degradation

due to contaminant wear should be recognized to pose the most serious

threat to the reliable operation of relief valves.

Therefore, considering the phenomenon of contaminant wear in more

detail, it has been verified that the wear process in relief valves

can be divided into two general categories; erosive wear and three

body abrasive wear. These two forms of contaminant wear are illus-

trated in Figs. [2-1] and [2-2]. Both are the direct result of leak-

age flow and relief flow past the initial stage of a relief valve.

These flows are therefore the mechanism by which contaminants are trans-

ported into the valve. As shown in Fig. [2-1], erosive wear occurs as

the result of contaminant particles striking a surface and rebounding,

disapating a portion of their energy into the surface in the form of

strain energy. As is the condition in relief valves, this cycle is

continuously repeated until the bombarded surface is strained past its

elastic limit. At this point, each additional occurrence results in

erosion of the surface. From physical observations, it has been

verified that for the poppet section of relief valves, the erosion

process eventually results in the "washing away" of one particular side

4I of the poppet. This can be explained by the fact that erosion is a

self-perpetuating process. Once an area is initially eroded, a "least

resistance" flow path is formed, thus gradually channeling moreF

contaminant-laden fluid through that particular area.

4
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Considering the other mode of contaminant wear, three-body abra-

sive wear occurs whenever particulate contaminants become trapped

between two moving surfaces, Fig. [2-2]. Again referring to the case

of the poppet section of a relief valve, in its regulating state, the

poppet is continually moving back and forth, seating and reseating

against the control orifice as necessary to maintain the desired system

pressure. Each time the poppet reseats, there is a possibility that

as the two mating surfaces come into contact, contaminant particles

are caught between the two. Depending on the makeup of the contaminant,

either the valve surfaces are yielded or the particle is destroyed.

In both occurences, however, the surface of the poppet and control

orifice are left impaired. Abrasive weat is also capable of affecting

the control piston of the main relief section of pilot-operated relief

valves. For this occurence, the pressure differential across the

piston applies the driving force necessary for leakage flow around the

perimeter of the piston. As with contaminant lock, particles are

carried into the annulus between the piston and valve body. This leak-

age flow can transport enough contaminant particles into the clearance

that three body abrasion can occur. Abrasive wear in this area would

consequently result in increased amounts of leakage flows past the

piston.

Of the two modes of contaminant wear discussed, the degree to

which each occur in excess of the other has not been determined. Thus,

the report will henceforth utilize the term "contaminant wear" to

'1
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include both mechanisms of relief valve performance degradation.

The results of contaminant wear in relief valves can be observed

by physical performance degradations which occur. The most obvious

performance change is the alteration of cracking and reseating pressures.

The cracking pressure is that at which the valve poppet is forced off

its seat, thus initiating the pressure relief sequence of the valve.

The reseating pressure is that at which the poppet will return to its

seat, thus completing the pressure relief sequence. The change in these

two performance parameters can be attributed to the "new positioninq" of

the poppet which is present after contaminant wear has occured. Once

material has been worn away in the critical area of the poppet section

(the area where the poppet and control orifice touch) the return

spring of the valve gradually advances the poppet further into the con-

trol orifice until it again reseats. This subsequently exposes more

surface area of the poppet to the pressurized fluid field. The

increased area creates a larger force on the poppet than was present

for the same system pressure before wear. As the result of this in-

creased force, the cracking pressure of a relief valve can be dras-

tically reduced. Because the valve now cracks at a lower pressure, the

initial pressure setting of the valve is lost. In this case, system

pressure can be restored only by either readjustment or replacement

of the valve. Contaminant wear on the poppet also causes a decrease

in the reseating pressure of a relief valve. This decrease results in

longer periods of time required for the valve to complete its pressure
.

relief sequence. This again can present several unwanted problems.

8



The second major performance change due to contaminant wear in

relief valves is that associated with the pressure versus flow charac-

teristics of the valve. As the physical shape of the poppet or piston

is changed due to wear, the flow forces acting upon them are also

changed. This results in a characteristic alteration of the shape of

the pressure/flow profile of the valve.

Thus, the conclusions which can be drawn from the discussions pre-

sented in this chapter are:

1. Of the two prevalent modes of contaminant sensitivity to which

pressure relief valves are susceptible, contaminant wear presents

the greatest threat to the normal operation of this component.

2. Three major performance parameters cracking pressure, reseating

pressure, and the pressure versus flow characteristic-are altered

due to contaminant wear.

9



CHAPTER III

INVESTIGATION AND ASSESSMENT OF EXISTING RELIEF VALVE

CONTAMINANT SENSITIVITY TEST AND EVALUATION TECHNIQUES

For this research study, it was felt that in order to optimize

the development of a new evaluation technique for the contaminat sensi-

tivity of relief valves, a complete review of all existing evaluation

methods should be conducted. From this review, the faults and defi-

ciencies which the existing techniques exhibit could be avoided in the

new procedure. Also, a foundation for the new procedure could be

based on the positive attributes of the existing procedures. Therefore,

this chapter deals exclusively with the discussion of the two basic

philosophies which have been utilized to test relief valves--static

testing and dynamic testing. Each method will be examined in two

parts--test procedure and data interpretation technique.

It should first be noted that the titles given to both procedures

are descriptive of the manner in which the relief valve being tested

is operated during these periods of time in which contaminant is main-

tained in the test system. Therefore, for the static test, the test

valve is maintained at one static operating condition for the duration

of the test. Whereas for the dynamic test, the test valve is exposed

4' to a cyclic operating condition. The static test uses a circuit such

as that illustrated in Fig. [3-1]. This circuit was designed to simu-

late the working cycle of pressure relief valves. For both techniques,

by completely closing the needle valve in the circuit, all flow could

10
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be directed through the test valve. The static test procedure simply

calls for the injection of a set amount of classified contaminant (AC

Fine Test Dust) into the test circuit. After 30 minutes of exposure to

the contaminanted fluid, the system is filtered and the cracking pres-

sure of the valve recorded. This degraded cracking pressure is then

compared to the initial cracking pressure of the valve. This process

is repeated for gradually increasing contaminant particle sizes.

Termination of this test occurs if this performance parameter degrades

to seventy-percent of the initial value. The test flowrate was arbi-

trarily chosen to be one-half the maximum rate value for the valve.

Data derived from this test is then manipulated into a value referred

to as the contaminant sensitivity index (CSI). After computing the

percent performance parameter degradation for each contaminant size

range is then summed to yield the contaminant sensitivity index for

the test valve. This value is then used for comparison with other

relief valves tested in a like manner. The above procedure has also

been followed utilizing the reseating pressure as the observed

performance parameter. Typical test results from the above procedure

are shown in Figs. [3-2] and [3-3].

Making a general assessment of the static evaluation technique,

although the basic concepts on which the test procedure are based are

sound in their approach, it fails to justify its choice of certain test

conditions, specifically, the test flowrate and the time allowed for

contaminant injection. This selection was apparently the result of a

* satisfaction with a "comparative approach", on the Dart of the test

12
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originators. Also, a weakness which has been determined to be the

single largest handicap to the reliability of the test is the selection

of the cracking or reseating pressure as the observed performance

parameter. Although these pressures are vital performance character-

istics, test data have proven the inconsistency which they incorporate

into the procedure. This is basically due to the nature of events

which are occurring during the observation of the cracking or reseating

pressure. At this point, the valve is at its "threshold" region of

operation. It is undergoing the change from a passive system element

to an active pressure regulating system element. The final deficiency

of the static evaluation technique is the test data interpretation

method which it follows. The rating index (CSI) which is derived is

simply a manipulation of numbers without any theoretical basis. This

aspect alone shows the static approach to be grossly obsolete in today's

technologically advanced world. It is therefore strongly recommended

that this data evaluation technique be avoided in any future data

compilation methods.

Bearing a strong resemblance to the static evaluation technique,

the dynamic approach differs only in the actual test conditions under

which the test valve is operated. Whereas the static test maintains

constant system operating parameters during the contaminant injection,

the dynamic test exposes the test valve to a cyclic pressure condition.

The test circuit is identical to the static test circuit except for

the cyclic flow input device in the dynamic circuit Fig. [3-4]. The

rationale for conducting the test in this manner is to simulate field

'1
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conditions. Because actual field operation involves unavoidable pressure

surges which cause system relief valves to crack, this test method could

generate degradation data which are closer to actual field degradation

levels. The test flowrate and contaminant injection scheme are the

same as the static test. Observed performance parameters are also the

same. Typical test data are shown in Fig. [3-5]. If these similarities

were not enough, the dynamic procedure also utilizes the CSI data

evaluation technique.

Even though the concept of a dynamic test condition is justified,

the idea of having a device which could vary its flow input frequency

to accurately simulate field conditions is unrealistic. As concluded

by Foord and Tessmann [ I ] in a previous relief valve contaminant sensi-

tivity study, the effects of a dynamic test are much less severe than

static test degradation. This is attributed to the "actual" amount

of time during which sensitive areas of the valve are exposed to con-

tamination. For example, if the test valve were cycled at 30 cycles

per minute, the exposure rate during dynamic testing would be less than

25% of that for the static test. Subsequently, the valve should only

wear 25% of that amount which would occur during a static test. This

statement thus validates the assumption that of the two modes of con-

4 taminant wear possible in relief valves, erosion effects are apparently

much more detrimental than any abrasion action which might occur. Thus,

from this point forth, performance degradation in relief valves will

be assumed to mainly result from erosive wear. This assumption does
*0

not exclude abrasive wear effects, but considers them negligible when

17
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compared to erosion effects.

Therefore, considering the poor data interpretation technique

which it utilizes, it has been concluded that the dynamic evaluation

technique should be discontinued. It should be noted, that although

the consideration of field duty cycle effects on the degradation of

relief valves is a very important concept, it is felt that its effects

can be accounted for elsewhere in a data evaluation method.

Summarizing the insights gained from this investigation, the new

test procedure should choose its test parameters using a theoretically

justified selection process. Secondly, a new performance degradation

parameter should be determined, and finally, a pressure relief valve

contaminant sensitivity theory must be developed. In general, although

the existing test methods are basically sound, they lack the theoretical

insights which are requisite for a reliable accelerated degradation

test.
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CHAPTER IV

POSSIBLE ALTERNATE TEST AND EVALUATION TECHNIQUES

With the valuable insight gained from the review of all presently

used relief valve contaminant sensitivity test and evaluation tech-

niques, it was possible to optimize the development of new contingencies

for this purpose. Keeping in mind the inadequacies of the present

methods, several new alternatives were conceived. Although the data

selection and interpretation techniques are unique for each, the actual

test procedure which they follow is basically the same. Of eight

alternatives initially considered, five were selected as candidates

for more in-depth study. These five can be categorized into two basic

classes according to the performance parameter which is observed in

each. They are the static performance degradation and the dynamic

performance degradation. These names should not be confused with the

static and dynamic testing procedures. This usage of the words; static

and dynamic, refers to post degradation performance characteristics.

In other words, the static performance degradation approach considers

those performance parameters which can be monitored while the test valve

is in a static operating mode. The dynamic performance degradation

approach, on the other hand, monitors those performance parameters

which are related to the dynamic response characteristics of the relief

valve. The data acquisition techniques which the static approach

includes are pressure/flow degradation analysis and degradation rate

analysis. The latter technique is further composed of two approaches,

pressure decrease rates and relief-flow increase rates. The dynamic
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approach is also comprised of two techniques; step-input response

degradation analysis and frequency response degradation analysis. All

the above mentioned data acquisition techniques will be discussed

individually in more detail following a discussion of the previously

mentioned test procedure which each will utilize.

As recommended in Chapter III, a new contaminant sensitivity test

procedure should justify its choice of test conditions. Therefore,

consideration was given to the development of a theory by which to

select these parameters. The approach which was derived is based on

the simple fact that pressure relief valve performance degradation is

directly proportional to the amounts of relief flow which pass through

the valve. Also, considering that the basic motive of all contaminant

sensitivity tests is to accelerate the performance degradation of the

test component, this is enhanced with relief valves by operating them

at their most severe conditions. For relief valves, this would be the

condition when the maximum rated flow of the test valve is passing

through the component. Thus, for all the proposed alternative proce-

dures, this would be the standard test flowrate. Because this flowrate

simulates the most severe case, the degradation data which would be

generated using this parameter would also represent the most severe

degradation possible for a valve. Since this is not an accurate

representation of the majority of field applications, it would be

erroneous to claim field life using this raw data alone; however, if

duty cycle considerations were added to this approach, the real field

22
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life could be predicted. Thus from extreme laboratory degradation data,

less severe field degradation can be interpolated to any user's appli-

cation. This consideration greatly enhances the value of test data

generated using the maximum rated flowrate for the test valve.

Also neglected in the present test procedures was the justification

of actual testing time. The 30 min. time period for exposure to con-

taminant was not based on any particular rationale. Therefore, it was

decided that test time would be set at the amount of time necessary

for relief valves to exhibit a specific degradation tendency. This

value would necessarily be selected only after many experimental tests.

Thus, with the exception of the above test parameters, the remainder

of the new proposed test procedure would closely resemble the previ-

ously described static test procedure. Hereafter, the new test will

be referred to as the "modified static test". The data acquisition

techniques which were proposed to be used in conjunction with the

"modified static test" will be discussed in detail below.

PRESSURE/FLOW DEGRADATION ANALYSIS

As discussed earlier in Chapter II, the result of erosive wear on

the sensitive areas of relief valves can be observed by the character-

istic alteration of the pressure/flow profile of the relief valve. As

a valve is worn by the contaminant, the pressure/flow "signature" of

the valve has been observed to deviate from the original profile, Fig.

[4-1]. The extent to which this "signature" is affected can be con-

sidered to indicate a relief valve's contaminant sensitivity. This
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technique thus requires the monitoring and recording, on hard copy, of

the pressure/flow profile of the test relief valve before and after

contaminant wear. Using the test circuit shown earlier in Fig. [3-1]

this profile is easily generated by utilizing pressure and flowrate

transducers in conjunction with an X-Y plotter. Each profile derived

after a contaminant injection is then compared to the initial pressure/

flow profile and a percent change calculated. The exact location of

the point to be monitored was dependent upon the results of experi-

mental tests to determine the most consistently sensitive portion of

the pressure/flow profile for several test valves. (This experimental

verification will be discussed later.) This point, which would be

determined, would thus be standardized in much the same way as the

cracking and reseating pressures were previously standardized in the

static test procedure.

DEGRADATION RATE ANALYSIS

Due to the fact that all relief valves are constructed differently,

the rate at which internal parts are eroded due to contaminant is an

individual characteristic of all valves. More specifically, the wear

rates for different size contaminant particles would also be unique

for all valves. This subsequently results in characteristic performance

degradation rates which all relief valves exhibit. Thus, performance

.4 degradation rates as a result of contaminant wear can be utilized as

the criteria by which to compare the contaminant sensitivity of relief

r, valves.

'2
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As presented earlier, it has been verified that the pressure/flow

signature of a relief valve is altered as a result of contaminant wear

effects. In the majority of cases observed, maintaining a constant

relief-flow through the test valve during a period of exposure to con-

tamination resulted in a noticeable decrease in the system pressure

which the test valve can maintain. Fig. [4-2]. Conversely, main-

taining a constant system pressure resulted in an increase in relief-

flow rates. Fig. [4-3]. Thus these two types of degradation can be

considered as the performance parameters to observe. Therefore, the

data aquisition procedure would consist of either of two approaches,

pressure degradation rate analysis or relief-flow increase rate analysis.

For the pressure degradation rate analysis, the test valve would

be exposed to contamination while constantly maintaining the maximum

rated relief flow through it. During this period of exposure, the

system pressure would be constantly recorded. This process is repeated

fnr several different size ranges of classified test contaminants.

From plots of system pressure vs exposure time, the degradation rates

for each size injection can be determined. Those values can then be

used for comparison with other valves tested in the same manner. Also

from this degradation rate information, field life can be predicted.

Considering the relief-flow increase rate analysis, the initial

ipressure at the valve's maximum rated flow is the pressure level main-

tained for all contaminant injections during the test. For this tech-

nique, during the contaminant exposure periods, the relief flowrate

'2
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is constantly recorded. In the same manner as with pressure degrada-

tion rates, the rate of increase of relief flow as a function of time

can be derived for each contaminant size range injection. Also, given

a prescribed level of relief flow which is unacceptable, the life of

the relief valve can be predicted.

DYNAMIC RESPONSE DEGRADATION

One characteristic of all physical systems is the manner in which

each responds to a forced input. When this characteristic is consid-

ered in a time based analysis, this property is referred to as the

dynamic response of the system. This property can be further divided

into two more specific categories--step response and frequency response.

The step response is merely the manner in which a system reacts to a

sudden, or step, input. The frequency response is the manner in which

a system reacts to a series of inputs, whether cyclic or a succession

of step inputs. Both approaches utilize specific performance para-

meters to assess the dynamic response nf the system. Because pressure

relief valves are merely a combination of several physical elements

(springs, masses, dampers) they can be considered as simple mechanical

systems. Therefore, since all systems are different, the dynamic

response is a characteristic which would be unique in all aspects.

As discussed in Chapter II, sensitive areas of relief valves are

eroded away as the result of fluid contamination. This removal of

material thus changes the shape and mass of those sensitive areas.

It is therefore reasonable to expect the dynamic response character-
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istics of a relief valve to be altered as a result of contaminant wear.

Just as with degradation rates and pressure/flow profile changes, the

degree to which the dynamic response is affected is characteristicly

unique for all relief valves. Thus, this type performance character-

istic can be utilized in a contaminant sensitivity evolution procedure.

First considering the step input response analysis, by applying a

step pressure input to the valve and recording the resultant system

pressure, such characteristics as percent overshoot, rise time, delay

time, and settling time can be observed. From this observation, an

important parameter in system control theory known as the damping

coefficient can be derived. This quantity is simply a measure of the

ability of a system to check the vibration or oscillation of the system.

Thus, using the modified static test as described earlier as the means

to expose the test valve to contaminant, followed by the examination

of the step response characteristics in clean fluid, this procedure

would generate data that would accurately represent the contaminant

sensitivity of the valve. Fig. [4-4].

Now considering the frequency response analysis, following expo-

sure to contaminant by the modified static test procedure, the relief

valve is subjected to cyclic pressure inputs of varying frequency. At

each observed frequency, the system pressure which is maintained is

monitored and recorded. As shown in Fig. [4-5], the relief pressure

of a valve will decrease as the frequency of inputs increases. This is

the result of the configuration of which relief valves are composed.

30
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As discussed earlier, a relief valve can be thought of as a

mechanical system composed of spring, mass, and damping elements Fig.

[4-6]. This system is essentially considered as a second-order system.

The response of this order system is directly related to the damping

coefficient. For such systems, the magnitude of the damping coeffi-

cient is determined by the combination of all it's constituent mechan-

ical elements. Finally, the stability of these systems is controlled

by this parameter. If the damping coefficient is decreased, the

stability is also decreased, and vice versa if the damping coefficient

is increased. This instability results in over amplification of

forced inputs to the system. In other words, if under static condi-

tions, an input of magnitude, F, causes an output of magnitude, x.

For the same magnitude of input but at a cyclic frequency of occurence,

the output magnitude will increase. In the case of relief valves, the

input can be thought of as the force applied to the poppet or spool

due to system pressure. The actual output is the movement of these

parts which all relief valves rely on to relieve excessive system

pressure. Because this movement is directly observable as the relief

pressure of the valve, the output of this system can be thought of as

the relief pressure. Thus if a cyclic input is applied to a relief

valve, the force required to initiate movement of the poppet or spool

toward it's relief position is reduced. Therefore, for relief valves,

the result of a cyclic pressure field is a decrease in the relief

pressure of the valve. The precise frequency response of relief valves

is therefore a performance characteristic which is also unique for all
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valves. Since sensitive areas of relief valves are eroded due to

contamination, the magnitudes of the masses and damping of the system

will be changed. This will subsequently change the frequency response

of the valve. A combination of this degradation data selection tech-

nique and the modified static test procedure would present a very

discriminating method to analyze the contaminant sensitivity of

pressure relief valves. Again, this data would be considered using a

degradation theory in order to predict field life.

Summarizing, contaminant sensitivity assessment procedures can be

considered to be comprised of three separate analyses; test procedure,

data aquisition, and data interpretation. Each part contributes

equally to the quality of the assessment procedure as a whole. This

chapter has presented alternatives to the test procedure and data

aquisition in an attempt to upgrade the present techniques. The

revised test procedure discussed and the five data aquisition analyses

described are certainly capable of increasing the reliability and

discrimination of degradation data over the present techniques. Thus,

all that remains in the development of an entirely new assessment pro-

cedure is the selection of one of the five data aquisition approaches

and the development of a relief valve performance degradation theory

to interpret this data. Both of these areas are covered in the

subsequent chapters.
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CHAPTER V

SELECTION OF A NEW TEST AND EVALUATION TECHNIQUE

Selection of a Test Method

After considering the alternative data aquisition techniques

presented in Chapter IV, it was evident that all were acceptable as

standard procedures. Thus, selecting only one of these required con-

sideration of the actual feasibility to accomplish the evaluation set

forth in each.

The frequency response degradation analysis requires a variation

in the frequency of pressure inputs to the test valve. Because the

frequencies which would be required are very high and would need to be

variable, the requirement to construct such a versatile high speed

actuator would be both expensive and difficult. This consideration

eliminated the frequency response analysis as a feasible method.

For the step-input analysis, a high-speed measurement instrument

would be required in order to "catch" the very quick response of most

relief valves. The speed requirement of this kind of instrumentation

is beyond the X-Y recorder which is usually used in industry, thus not

feasible for standardized testing.

Of the variations of the static performance analysis which were

considered, the pressure/flow profile degradation analysis was chosen

as the best alternative. This decision was based on the basic ideal

which this procedure follows. This procedure was superior to the

36

min



degradation rates analysis by being better suited for interfacing with

a relief valve performance degradation theory. The amount of instru-

mentation required to conduct this analysis is either less than or the

same as all the other techniques. For the pressure/flow degradation

analysis, all that is required is a contaminant insensitive flow

measuring device and a pressure measuring device. These two components

were also a requisite for the other analysis techniques. Thus, with

this basic approach in mind, a series of experimental tests were

conducted to optimize and formalize the exact set of steps which would

be followed.

Experimental Tests

As mentioned during the discussion of the pressure/flow degradation

analysis in Chapter Iv, in order to simplify the analysis of this

technique, a single coordinate on the pressure/flow profile should be

determined with which to evaluate performance degradation. This point

would be chosen as that which consistently illustrates the highest

degree of degradation as a result of contaminant wear effects. This

point would then be the standard by which to evaluate all relief valve's

sensitivity to contaminant.

In order to determine the most sensitive point, experimental tests

were conducted. The experimental test procedure which was followed

was similar to the modified static test introduced earlier. This

procedure produces the maximum rate of performance degradation possible

for the test valve.

37
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Therefore, operating at their maximum rated flow, 16 relief

valves were tested. Each test consisted of 30 minute periods of

running, using discrete size ranges of AC Fine Test Dust including

0-5, 0-10, 0-20, 0-30, 0-40, 0-50, 0-60, 0-70, and 0-80pm. With the

information gained from these tests, the location of the most sensitive

point could be determined. After a period of break-in, or until the

test valve exhibited consistent operating characteristics in clean

fluid, the pressure/flow profile of the test valve was recorded by

X-Y plotter. This recording was repeated following filtration after

each contaminant injection period. An example of the pressure/flow

degradation which occurs in a pilot-operated relief valve was shown

in Fig. [4-1]. Evaluation of the degradation of various points along

the pressure/flow profile for each test valve resulted in the

identification of the most consistently sensitive point.

In order to adequately describe this operating point, the mechanism

by which relief valves operate should be clearly understood. For

direct-acting relief valves, pressure is sensed by the force which is

applied to the poppet or spool exposed to the system pressure. This

poppet or spool is held in position by a spring. As system pressure

increases, the spring deflects, allowing for movement of the poppet or

spool. System pressure is relieved whenever the poppet or spool is

Jdisplaced to the point at which the relief orifice is opened so that
fluid can pass directly through the valve to the return lines of the

system. At this condition, if the system pressure increases further,

the amount of flow which passes through the valve will increase. The

) 38
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pressure versus flow characteristics which result follows the orifice

equation relationship, Fig. [5-1].

Pilot-operated relief valves are sometimes referred to as two-

stage relief valves. The first, or pilot, stage is essentially a

direct-acting relief valve which is used to activate the second, or

main, stage of the valve. The main stage takes over the pressure

regulation after the pilot stage has been activated. Thus, for pilot-

operated relief valves, the pressure versus flow characteristic generally

consists of two regions. The region controlled by the pilot section in

some instances results in the orifice equation relationship similar to

direct acting relief valves. The second stage generally maintains a

stable pressure level until relief flow increases to the point that

the valve acts again as a simple orifice. The two basic shapes of

the pressure/flow profile for pilot-operated relief valves are shown

in Fig. [5-2], [5-3].

, Continuing the earlier discussion, it has been verified by exper-

iment that for both direct-acting and pilot-operated relief valves,

the pressure at 33% of the maximum flow in the region exhibiting the

orifice equation relationship tended to be consistently more sensitive

to contaminant wear than any other point along the curve. Fig. [5-4]

4I shows some typical test data which led to the selection of this point.

For pilot-operated relief valves which did not exhibit the orifice

equation relationship of Fig. [5-3], the point at 33% of the maximum

Irated flow showed as much consistent degradation as any other point.
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Thus, the recommended data aquisition point shall be the pressure at

the following flow rates:

1. For direct-acting relief valves, 33'" of the maximum rated

flow for the valve. Fig. [5-I].

2. Pilot-operated relief valves with orifice characteristics,

33% of the maximum flow in the region governed by the orifice

equation relationship. Fig. [5-2].

3. Pilot-operated relief valves without orifice characteristics,

33% of the maximum rated flow for the valve. Fig. [5-3].

With the above, a common parameter by which to evaluate otherwise dis-

similar system components is now available. This can be used as a

standard with which to observe and monitor the contaminant sensitivity

of pressure relief valves. Therefore, the development of a new data

aquisition technique is complete.

Further refining the actual test procedure with which to generate

degradation data required optimizing test time and test contaminant

concentration. As stated in Chapter 111, the optimum time of exposure

to contaminant should be determined by actual tests on the degradation

rate which relief valves experience. The test time would be chosen

as that which would allow the test valve to degrade to the point that

any further performance degradation could be predicted from the pre-

4! ceding degradation. Thus, open examining the degradation rates for

all the relief valves which have been experimented with, it was deter-

mined that the majority of the performance degradation which occurred
C,

during a contaminant injection did so within 15 minutes from the time
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'\of injection. Although in some cases the ti\eawas less than 15 minutes,

) in all instances, it never exceeded this time. Therefore, the standard

K-est procedure should call for the circulation of test contaminants for

a period of 15 minutes, after which the system fluid would be filtered.

The selection of the test contaminant concentration (mg/z) was

also based on experimental verification. In all test valves evaluated,

excessive contamination levels (200-300mg/P.) resulted in erratic

performance of the valve during contaminant exposure periods. This was

explained to be tI-e result of contaminant silting of the valve (con-

taminant lock). Contaminant lock of the control poppet is prevented

by the continuous movement of the poppet disallowing the silt to build

up to a critical level. What resulted was a sluggish movement

restriction placed on t' poppet. This subsequently led to erratic

pressure surges to the system. Also, adequate filtration of the system

fluid and complete purging of the test valve of contaminant was

hampered by the excessive test concentration levels.

For concentrations of 25-100 mg/9, contaminant lock effects were

not evident. Therefore, in order to avoid unwanted pressure increases

and to expedite test valve clean up, high contaminant concentration

levels were deemed undesirable as test standards for relief valves.

4I Thus, 100 mg/q is the optimum contaminant concentration to avoid con-

taminant lock effects yet achieve accelerated performance degradation.

Thus, the standard test procedure should utilize AC Fine Test Dust in

the concentration of 100 mg/t.

'1



Standard Test Procedure

Combining the above procedures and parameters, the RELIEF VALVE

CONTAMINANT SENSITIVITY TEST AND DATA AQUISITION TECHNIQUE is as

follows:

446U
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METHOD OF MEASURING AND REPORTING THE CONTAMINANT SENSITIVITY

OF HYDRAULIC PRESSURE RELIEF VALVES

1. Purpose

To provide a uniform procedure for evaluating the contaminant

sensitivity of fluid power relief valves.

2. Scope

This recommended practice applies to all hydraulic pressure relief

valves which maintain or limit the pressure in the system.

3. Terms & Definitions

3.1 Test flow - any steady state flowrate required to conduct the

test.

3.2 Test pressure - the pressure drop across the test valve.

3.3 Relief flow - the amount of flow which passes through the test

valve during a period of pressure regulation.

3.4 Relief pressure - the pressure maintained by the test valve at

a particular relief flow.

3.5 Pressure/Flow Profile - a plot of the relief pressure vs relief

flow characteristic of the test valve.

3.6 Maximum rated flow - the maximum amount of relief flow through

the test valve as specified by the manufacturer.

3.7 Maximum rated pressure - the relief pressure at the maximum

rated flow unless otherwise specified.

3.8 Pressure degradation - any change in relief pressure due to

contaminant effects.

3.9 Reference flow - the relief flow at which pressure degradation

47
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is measured.

3.10 Reference pressure - the relief pressure at the reference

flow.

3.11 Contaminant injection - refers to the act of introducing

classified test contaminants to the system fluid.

3.12 Test duration - the amount of time after each contaminant

injection in which the test valve is exposed to contaminanted

fluid.

3.13 Contamination concentration - the contaminant weight per unit

volume of fluid.

4. Units

4.1 The International System of Units (SI) is used herein in

accordance with Reference paragraph (15.5).

4.2 Approximate conversion to U.S. units appear in parenthesis

after SI units.

5. Graphic Symbols

Graphic symbols used herein are in accordance with Reference para-

graphs (15.2) and (15.3). Where References (15.2) and (15.3) are

not in agreement, Reference (15.2) governs.

6. Summary of Designated Information

6.1 Specify the following information on all requests for this

test:

6.1.1 A full description of the valve.

6.1.2 The type of fluid.

6.1.3 The fluid temperature if different from (7.1).
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6.1.4 The test pressure.

6.1.5 The test flow rate.

6.1.6 The test contaminant if different from (7.3).

7. Test Conditions

7.1 Fluid Temperature - shall be 650C (150'F).

7.2 System Volume - shall be numerically equal to one half the

maximum rated flow per minute of the test valve as recommended

by the manufacturer.

7.3 Test Contaminant - Classified AC Fine Test Dust, 0-51m, O-10jm,

20Pm, 30pim, 40Pm, 50m, 60m, 70wm, and 80m, which are produced

AC Fine Test Dust per Reference (15.6).

7.4 Test Contaminant Concentration - 100 mq/R.

7.5 Test flow - the maximum rated flow for the test valve.

7.6 Test pressure - the maximum rated pressure for the test valve.

7.7 Initial cleanliness level - the contaminant concentration

level of the circulating fluid shall be less than 10 mg/i.

8. Test Condition Accuracy

Maintain the test condition accuracy within the limits shown in

Table 1.
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TABLE 1

TEST CONDITION MAINTAIN
WITHIN '

FLOW 2%

PRESSURE 2%

TEMPERATURE 20C (3.60F)

CONTAMINANT CONCENTRATION 10%

9. Letter Symbols

The following symbols are used in this document:

QMAX - maximum rated flow

MAX - maximum rated pressure

QREF - reference flow rate

PREF - reference pressure

Q - test flow

P -test pressure

10. Test Equipment

10.1 Hydraulic flow source insensitive to contaminant.

10.2 Clean-up filter capable of achieving the initial cleanliness

level.

10.3 Heat exchanger which does not act as a contaminant trap.

10.4 Reservoir with a conical shaped bottom.

10.5 Flow diffuser at the point where the main return line

empties into the reservoir.
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10.6 Four-way valve to by-pass system filter during contaminant

injection period,..

10.7 Needle valve to direct all flow through the test valve.

10.8 Flow measuring device which is insensitivie to contaminant.

10.9 Pressure sensing device.

10.10 Lines connecting hydraulic components sized so that turbulent

mixing exists throughout.

10.11 Test circuit as shown in Fig. I.

11. Test System Qualifying Procedure

11.1 Insert a direct connection in the test circuit in place of

the test valve.

11.2 Adjust system volume so that it equals 45% to 55% of the

minimum flow rate per minute at which the test system is

intended to be used.

11.3 Circulate the fluid through the system filter until the con-

taminant background is less than 10 mg/i.

11.4 By-pass the filter.

11.5 Add unclassified AC Fine Test Dust per Reference (15.6) to

the fluid to bring the contamination concentration to 100

mg/Z.

11.6 Inject the contaminant of clause (11.5) in the form of a

well-mixed slurry uniformly over a period of one minute.

11.7 Operate the system at the minimum flow rate as described in

Clause (11.2).V

C 11.8 Extract four fluid samples from the system per Reference
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(15.4) at 15 minute intervals from the completion of contaminant

injection.

11.9 Measure the contaminant concentration level of each sample per

per Reference (15.4).

11.10 Consider the system qualified for testing if the contaminant

concentration levels of clause (11.9) are within f10% of the

initial requirement of clause (11.5).

11.11 Repeat this qualification procedure when any modification to

the flow path or to the reservoir is made.

12. Test Procedure

12.1 Install the test valve into the test circuit, Fig. 1.

12.2 Filter the fluid until the contaminant concentration level is

less than 10 mg/z.

12.3 Subject the test valve to a period of break-in as follows:

12.3.1 Adjust the relief flow to be one-half QMAX' continue

for a period of 30 minutes.

12.3.2 Adjust the relief flow to be QMAX' continue for a

period of 30 minutes or until the relief pressure

remains constant for 10 minutes.

12.4 By-pass system filter.

12.5 Record PREF according to QREF as specified below:

4 12.5.1 For direct acting relief valves, QREF is as shown

in Fig. 2.

12.5.2 For pilot operated relief valves, QREF is determined

as shown in Fig. 3 and Fig. 4 depending upon the

test valve.
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12.6 Adjust flow to QMAX by gradudlly closing the system load

val ve.

12.7 Prepare a slurry of classified AC Fine Test Dust (0-51im)

which will bring the contaminant concentration level of the

fluid up to 100 mg/i.

12.8 Inject the slurry uniformly over a period of one minute.

12.9 Allow the contaminant to circulate through the test valve

for a period of 15 minutes.

12.10 Completely open the system load valve to stop any relief

flow through the test valve.

12.11 Filter the fluid until the contaminant concentration level

is less than 10 mg/i.

12.12 Repeat clauses (12.4) through (12.11) for contaminant sizes,

0-loum, 0-201,m, 0-301im, 0-40,m, O-50um, 0-601,m, 0-70um, and

0-80tm.

13. Data Preparation

13.1 Record test valve identification, and operating conditions

in Table 2.

13.2 Tabulate test data in Table 2.

13.3 Calculate the reference pressure degradation ratio to a

maximum of three significant figures for each contaminant.

injection by dividing the reference pressure after each

injection by the initial reference pressure.

13.4 Plot on linear coordinates the pressure degradation ratios

calculated in (13.3) versus the respective maximum particle

55

1o,



Table 2 Test Report Sheet

TEST REPORT SHEET

VALVE DESCRIPTION _________ ________

OSU VALVE No. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TEST DATE_____ ____

TYPE OF FLUID ___ _ _____FLUID TEMP.____

TYPE OF CONTAMINANT _______________

GRAVIMETRIC LEVEL__________ _______

MAXIMUM RATED FLOW ______ ________

REFERENCE FLOWRATE _______________

INITIAL PRESSURE AT REFERENCE FLOWRATE ______

FCONTAMINANT SIZE GO) PRESSURE AT REFERENCE FLOWRATEIAFTER INJECTION UNrrS:
____ ____ 0-5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0-10

0-20

0-30

0-40

0-50

4 ~~~~ ~~0-60_______________ __

'4 0-70

0-80
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size for each injection. (Example Fig. 5)

14. Identification Statement

Use the following statement in catalogs and sales literature when

electing to comply with this voluntary standard; "Performance

data obtained and presented in accordance with SAE practice___

15. References

15.1 American National Standard Glossary of Terms for Fluid

Power, ANSI/893.2 - 1971.

15.2 International Standard Graphic Symbols for Hydraulic and

Pneumatic Equipment and Accessories for Fluid Power Trans-

mission, ISO/R, 1219-1970. Agrees with ANSI/Y32, 10-1967.

15.3 American National Standard Fluid Power Diagrams, ANSI/Y14,

14-17-1966.

15.4 Assessing cleanliness of Hydraulic Fluid Power Componentes

and Systems - SAE J1227.

15.5 Internationil Standard Rules for the Use of the International

System of Units and a Selection of the Decimal Multiples and

Sub-Multiples of S.I. Units, ISO/R, 1000-1969.

15.6 Air Cleaner Test Code - SAE J726C.

Using this test procedure, performance degradation data due to con-

taminant wear has been generated. Illustration of the discrimination
.4

possible with this procedure is shown in Fig. [5-5]. Data qenerated

by this test procedure can subsequently be used in conjunction with

the relief valve contaminant sensitivity computer program to determine

the Omega rating of the valve which is a rating value for contaminant
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sensitivity. The following chapters deal with the relief valve

degradation theory and the computer program which was developed to

utilize this important concept.
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CHAPTER VI

DEVELOPMENT OF A DATA INTERPRETATION TECHNIQUE

Although much can be learned from a simple examination of exper-

imental test data, a complete understanding of the process which occurs

during a contaminant sensitivity test is impossible without some

theoretical insight concerning the matter. This insight can be gained

by basing all thought and consideration of the process on a theory

which logically explains the mechanism by which the phenomenon occurs.

Thus as stated in earlier chapters, a relief valve contaminant sensi-

tivity theory should be developed in order to adequately fulfil the

goals set forth in this research study. The following paragraphs

present the relief valve contaminant sensitivity theory which was

developed at the FPRC. The applications of this theory to contaminant

sensitivity test data will be discussed.

To verify the title of the preceeding theory, contaminant sensi-

tivity refers to the performance degradation which a hydraulic component

will exhibit when exposed to specific contamination levels of the

fluid. The characteristic contaminant sensitivity of a component has

been proven to be dependent upon the range of contaminant particle sizes

and their concentration in the fluid.

The rate at which the performance of a component degrades is

dependent upon the contaminant sensitivity (Si) of the component for

.1 each range, i, and the rate at which these same size particles are

exposed to the component. Thus, for a concentration of n particles per
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milliliter in the size rane i, a component with a contaminant sensitivity

of Si for the above conditions being exposed to Ni(t) particles, the

rate at which the component's performance (p) will degrade is expressed

by the following accepted contamimant wear equation:

.l-: _S i ( d' (t)

dp d N . i '~

dt t (6-1)

For all components, the rate at which parti les of any size

range are exposed to their internil parts at any time t, for a flow

rate of Q and a particle concentrition of n is given by:

dN (t) ( (t)n(t)

dt (6-2)

The laboratory conditions where particles are injected into the

fluid and left to circulate until the end of tha particular test

period is unlike that which occur, in the field. In the actual case,

p,irticles are constantly being ii ressed into th, system fluid while

at the same time other particles ire being filtered out. This (ondi-

tion results in essentially a sta)il zed contami-iation distribution in

the fluid. Because contaminant irticles are de troyed in the passages

and clearances of both laboratory and field systim pumps, there is a

difference in the degradation cha'acteristics which will occur in each.

This difference should be accountd tor when con idering laboratory

degradation data. The rate at wh ch particles a e destroyed in the

passages of fluid power pumps can be expressed a :
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where no is the initial concentration of particles in the fluid. The

quantity r represents the exponential time constant for the particle

destruction process for the particle size range under consideration.

The above expression therefore determines the number of particles per

unit volume in the size range of interest which will still contribute

to the degradation at any time after the initial injected or ingression

of particles. This topic concerning the destruction time constants

and their effects will be discussed in detail in Chapter VII of this

report.

It has been verified that the contaminant sensitivity of a com-

ponent is a linear function of the concentration, n. Thus, the sensi-

tivity, s, can be defined as:

s(n) : ,in(t) (6-4)

where a ia a constant referred to as the contaminant wear coefficient

with units of (volume/particles)2 per unit time.

For the case of relief valves, performance is taken to be the

system pressure, P, which results from an induced relief flow, Q

through the valve. Thus substituting Eq. (6-2), (6-3), and (6-4)

into Eq. (6-1) yields the differential equation:

dP -- 2Qe-2t/i (6-5)
dt o

Eq. (6-5) defines the rate of pressure degradation of a relief

valve with respect to the component's contaminant wear coefficient,
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particle concentration, relief flow, and the particle destructior. time

constant at time t.

For the smaller size contaminant injections (O-5 ,m, -10um),

degradation was observed to occur as a linear function of time, Fig.

[6-1]. This can be explained by the assumption that for these smaller

sizes, the time constants for the destruction process is very large.

This has the effect of essentially maintaining a constant number of

particles in that specific size r.inge for the duration of the test.

Thus, solving Eq. [6-l] for the situation of a constant particle

number result in;

P(t) : Po - anQt (6-7)

which is the same type relationship as is illustrated in Fig. [6-1].

An important note is that in actual field o;eration, the pressure

would degrade in the fashion described by Eq. (6-7) for all particle

sizes.

With the degradation equatiois (6-6) and (6 7) along with exper-

imental degradation data, the valjes of the contminant wear coeffi-

cients can be derived for all siz', ringes of contaminant. This value

Cdn in turn be used to compute 0- life of the component which can be

expected in the field, given any operating condi:ion.

The interfacing of the relie" valve contaminant sensitivity theory

with a customized computer prograi to do the required calculations will

be presented in Chapter VIII.
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Summarizing, this chapter has presented in final form the set of

equations which form the theoretical basis for the majority of the

considerations followed throughout this research effort. Because the

theory presented represents both laboratory and field performance

degradation characteristics, the conversion from laboratory degradation

data to applicable field life information is easily obtainable. Final-

ly, the confidence in the relief valve contaminant sensitivity theory

which is a requisite for all standardized evaluation techniques is

strengthened by the fact that this approach is based on the identical

set of equations which formulate the world renowned pump contaminant

sensitivity theory.

V:
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CHAPTER VII

LABORATORY CONTAMINANT DESTRUCTION PROCESS AND

IT'S EFFECTS ON EXPERIMENTAL DATA

As reported in Chapter VI, the rate at which the performance of a

fluid power relief valve is degraded is largely dependent upon the

behavior of the contaminants in the fluid. In particular, the test

life of laboratory contaminants has a significant influence on the

characteristic degradation exhibited by components in the laboratory.

In order to better relate laboratory degradation information with

actual field degradation, a study to determine the effects of contam-

inant destruction during testing was undertaken.

Contaminant particles are known to be destroyed or altered due to

the harsh conditions to which they are exposed inside the pump of a

system. In the past, this destruction has been thought to be related

with the wear phenomenon which occurs in hydraulic pumps (Ref. [2]).

This concept understood the destruction rate of a particular size

range of contaminant particles to be directly observable by the wear

rates which this size range caused in the pump. For large particles

which cause substantial amounts of wear, the destruction rates are

very high. Likewise, for small particles which generally contribute

I little to the degradation of a pump, the destruction rates are low. As

with the relief valve contaminant sensitivity theory, the pump con-

taminant sensitivity theory utilizes a quantity referred to as the

particle destruction time constant, T. This quantity is simply the

67.)



time it takes for a group of particles of size to be reduced to 37%

of their original number of particles. This therefore assumes that

the destruction process is exponential in nature. The equation which

has been taken to describe the particle destruction process is:

n(t) no e (7

for each particle size range. in this expression, n(t), is the particle

number per unit volume at any time t, n0 is the original number of

particles per unit volume, and q is the particle destruction time con-

stant. Although it has been conceded that this expression is likely

to be inaccurate when strictly considering particle size destruction,

it seems to be essentially correct when the overall process of par-

ticle alteration is considered. Because the entire background upon

which this assumption is based relies upon data generated during actual

pump contaminant sensitivity testing, the effect of wear material

becoming intermixed with the laboratory contaminant was unavoidable.

Therefore, due to the impact which pairticle destruction has on test

results, a new effort was conducted to determine the behavior of

contaminant particles in a laboratory test circuit. This study intended

to examine fluid samples taken fr,)m a system containing a verified

contaminant insensitive pump. In this way, wear material would have

no influence on particle counts conducted on the samples. Also, closer

related to relief valves, the effect on particle destruction which a

relief valve in the system contributes was exami'ied.
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For the series of tests, a circuit similar to that used for relief

valve testing was used (Fig. (7-1)). After filtering the fluid to

obtain a contaminant concentration level of less than 10mg/k, classified

AC Fine Test Dust (0-80vm) was injected into the system to bring the

contaminant concentration level to 100 mg/z. Injection was carried

out over a period of time numerically equal to one complete circula-

tion of the system volume. System flowrate was adjusted such that the

entire volume of the system would circulate two times per minute as

in the relief valve test procedure. The pressure at which the system

was operated was maintained constant at 3000 psi at a fluid temperature

of 150'F using MIL-L-2104 as the working fluid. Fluid samples were

extracted at 40 seconds, 2 minutes, 4 minutes, 8 minutes, and 16 min-

utes after completion of the contaminant injection. A particle size

distribution analysis was conducted on each of the samples using a

multi-channel liquid automatic particle counter HIAC Model PC-320

calibrated in accordance with the standard AC Fine Test Dust procedure,

ISO 4402.

A plot of the current interval size particle number divided by

their respective particle number at 40 seconds versus time after in-

jection illustrates the particle reduction process which occurs, Fig.

(7-2). It can be seen that for the particles in the size ranges greater

than 30 micrometers, the destruction process tends to follow an

exponential relationship. It can also be seen from the figure that

i° certain small sizes of contaminant particles apparently never decrease

in number. These sizes increase in number exponentially over the
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observation time of 16 minutes. This increase is due to larger

particles "breaking-up" into smaller particles thus replenishing

those small particles which are destroyed. It is recognized that if

the observation pericd were extended, the small sizes of particles

would eventually decrease in number. The important thing to remember

here is that for a period of 15 minutes (the same as the amount of

time which the relief valve test allows for a contaminant injection)

after an injection of contaminant, small particles are not destroyed

to any appreciable amount; however, for large particles, the destruction

process does occur.

For those particles which are decreasing in number, the relation-

ship appears to be exponential in nature; therefore, a mathematical

model to describe the process can be derived. Using a least squares

fit exponential to hest describe the particle number decrease, values

for the time constant, [, in Eq. (7-1) were calctlated along with

their correlation coefficients. The correlation coefficients are a

measure of how closey the model approximates the acutal test data--a

value of '1 representing a perfect correlation, .,alues approaching 0

iidicating a poor correlation. Tibl. (7-3) list, the time constants

and correlation coefficients for those particle ize ranges which

exhibited decreasing numbers within the 16 minut,, observation period.

Again, this information was derived using a verified contaminant

insensitive pump.

'
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Fig. (7-4) is a plot of the particle destruction time constants

versus their respective particle size. The large time constants for

the smaller size ranges is due to the large particles constantly con-

tributing to that size range as quickly as the small particles are

themselves being destroyed. It has therefore been concluded that the

time constant can be taken to be a linear function of the particle

size. Thus, the curve of Fig. (7-4) is approximated with a straight

line passing through the larger particle size end of the graph as

shown in Fig. (7-5).

In order to gain more insight into the particle destruction pro-

cess, the procedure described earlier was repeated using a different

contaminant insensitive pump. The results of this analysis as shown

in Table (7-6). Comparing this data with that for OSU TEST PUMP No.

102 presented an interesting observation. As shown in Fig. (7-7),

Pump No. 102 exhibits consistently higher particle destruction rates

than pump No. 101. This is partically explained by the fact that

No. 101 is substantially older than ,o. 102. Thus sharp edges and small

clearances inside the pump are less damaging due to the wear which

has occured inside the pump over it's years of oteration. The point

to be made is that both pumps have their own individual particle

destruction characteristics, viewpoint which was not taken in past

4 considerations.

As with pump No. 102, the time constant curve was linearized to

fit the large particle end of the graph. The time constants for both
.7
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pumps taken from the linearized curve are shown in Table (7-8). This

information will be used in the data interpretation procedure and will

be cataloged as constant values. With this information available, the

performance degradation rates observed in the laboratory can be better

understood.

Tests identical to that for evaluating relief valves contaminant

sensitivity were conducted to determine the effect of the relief valve

on the particle destruction process. Operating at the same conditions

as before, particle counts were conducted on samples extracted from the

fluid during testing. Results from this analysis are consistent with

those from tests without the relief valve in the circuit.

Making use of the information gained from this study, the direct

effects of contaminant particle destruction in the laboratory can be

better understood. Referring to the basic pressure degradation

equation presented in Chapter VI:

P(t) = P- Jan 2 QT(1 - e-2t/) (7-2)

it can now be realized the importance of knowing the value of the time

constant, T.

Varying T will greatly change the severity of the pressure vs time

degradation curve as depicted in Fig. (7-9a). Also, as in the case of

small particles, this type relationship is illustrated in Fig. (7-9b).

. After considering the effects which the time constants have on

laboratory degradation rates, the staff at the FPRC recommend that
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prior to conducting the relief valve contaminant sensitivity evaluation

procedure as described earlier, an analysis of the particle destruc-

tion characteristics of the test system pump which will be used should

be conducted. This information is a requisite for the proper evaluation

of a relief valve contaminant sensitivity.

This chapter was intended to divulge the latest work which has

been done in the area of laboratory particle destruction. The basic

conclusions drawn as a result of this study are:

1. Particle destruction rates are of vital importance to the

degradation rate of a relief valve.

2. Particle destruction rates are a characteristics of the specific

test system pump and are not necessarily constant for all

particle sizes.

This new understanding of tho effect of particle destruction in

the laboratory on the performance dejradation ra.e of a component will

greatly enhance the reliability o the relief valve contaminant sensi-

tivity data interpretation technique and hopefully given better insight

into the other aspects of contamirnant sensitivity testing.

8
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CHAPTER VIII

RELIEF VALVE OMEGA RATING SYSTEM

Application of Data Interpretation Technique

The pressure degradation of relief valves due to contaminant is

expressed by the following equation from Chapter VI, assuming a con-

stant particle number such as that encountered in the field.

P(t) = -an 2Qt + (8-1)

where: P(t) = pressure at time t

a = contaminant wear coefficient

n = particle number per unit volume

Q = flow rate

t = test time

P0  = initial pressure.

Experiments have verified that for the test contaminant sizes

0-5u and O-lOim, the particle destruction process has a negligible

effect on the particle numbers in these size ranges. Thus, the as-

sumption of constant particle number of these sizes is acceptable. For

this reason, (8-1) represzents the pressure degradation relationship

which is valid for particle sizes up to IOpm. The experiments also

verified that for contaminant sizes larger than lOum, particle de-

struction must be acknowledged. (Detailed discussion on particle de-

struction was presented in Chapter VII.) Pressure degradation under

the condition of particles being destroyed can be expressed by Eq. (2):

P(t) = P0 + ]/2aQno
2 (e 2t/L - 1) (8-2)
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where: T = particle destruction time constant.

The pressure degradation due to different contaminant sizes in

the laboratory test is illustrated in Fig. (8-1).

Since Eq. (8-1) holds for the contaminant sizes of O-5vm and

0-lOpm, the contaminant wear coefficient a for 0-51,m is expressed

by Eq. (8-3) which is a modification of Eq. (8-1).

P o- P 0 5  (8-3)

-05 n Qt

where: = contaminant wear coefficient for 0-5um

P = initial pressure

Pfo- = final pressure with 0-5pm contaminant during the

test time t.

The pressure degradation due to 0-10ijm contaminants is the com-

bined effect of 0-5um contaminants. This situation can be expressed

mathematically as in Eq. (8-4).

AP 0  AP0- 5  P5 - 10  (8-4)

0-0 -0-10 0-10

where: AP0 10 = pressure deqradation due to 0-l0im contaminant

APo- 5 = pressure degradation due to O-5pm contaminant

UIUo included in 0-l0um contaminant injection

AP5_10 = pressure deqradation due to 5-10,im contaminant

0-10 included in 0-lOum contaminant injection.

Eq. (8-4) can be rewritten as:

Pf 0 - P P P + P P,Pfo-lO P oPo-5 0 Pf5-10 P0 (8-5)
0-10 0-10
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Further manipulation yeilds:

2  Q
f0-10 -"0-5 0 - o 5-1 0 J 10t (8-6)

0-10 0-10

where: 5 1_G = contaminant wear coefficient for 5-10 oHtd IImiant

n0 5  = particle number per unit volume of O-5.m contaiminant

0-0 included in 0-10om contaminant injection

n5 _10 = partcle number per unit of volume of 5-10jm contain-

0-10 inant included in 0-101m contaminant injection.

From Eq. (8-6), 'x5-10 can be calculated by Eq. (8-7).

fd-20

-'0, ~ii- (t + P - ft 12, 1 1

20 0)-?t, u-2(

Derivation of the contaminant wear coefficients for all interval

size contaminants is summarized in the following.

(P - pf )/(n2 1Qt) (8-8)

'22

-, .. .,iniO (8-9)

' Jl*2
- t 1t n 1 ,,/ 3)

" (P f.i Po 0 1/3 / (8-10)

-2h 1))

K 2  ( r -P 0 Qt1 11/ 2nr-2/3- ) ) ) (8-10)

Si 4, S, o 1x

fe

6 . - I/



Where the subscript r designates a particle size range (0-5, 0-10,

0-20, etc.) and the dummy subscript (j) is used to signify a size

interval (5-10, 10-20, etc.). For example:

'1 a0- 5  Pfl = Pfo-5 n1 = n0-5  13 = T10-20

*2 a5-10 Pf2 fo-lO n1/2 0 0-5 T4 = 20-30
0-10

*3 a 10-20 Pf3 = Pfo- 20  T5 T30-40
n2/2 = 5-10

a4= "20-30 Pf4 = Pfo- 30  0-10 T6 T 40-50

n1/3 no-5 T7 T 50-60
0-20

n n T8= T60-70
2/3 5-100-20

a9 a 7080 70-80

The alpha values which are derived using laboratory test data

represent the characteristic susceptibility to contaminant wear for a

particular relief valve. Expouoiding further, the alpha value is strictly

an "intrinsic" property of a component and is independent of the

operating conditions of the valve.

Thus, using these values, the service life of a component can be

predicted given any specified operating condition. The general equation

for the service life of a component given a particular contaminant

distribution is expressed Eq. (8-12).

P -Pf/
0 f max 2T" -i"n i (8-12)

• , where: T = contaminant service life

r8
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Po = initial pressure

Pf = final pressure at which the relief valve service life is

considered to be over (usually 80% of P ).

Contaminant Tolerance Profile for Relief Valves

The contaminant service life of a test relief valve in a given

contaminant environment can be calculated by Eq. (8-12). By using Eq.

(8-12), a "contaminant distribution" which will maintain a specified

contaminant service life for the test relief valve can be determined.

Since there are many different contaminant distributions possible in

tne field, the contaminant level which maintains a specified contaminant

service life should be determined for several different distributions.

A contaminant tolerance profile is defined as the locus of tangency

points associated with contaminant particle distribution lines which

maintains the same contaminant service life. Fig. (8-2) illustrates

the derivation of a contaminant tolerance profile. Fig. (8-3) shows

the 1000 hour and 10,000 hour contaminant tolerance profiles of reiief

valve OSU-VALVE-NO. 115. These conaminant tolerance profiles were

actually calculated by the coinput.,r program which is detailed in Chapter

X.

Omega Rating for Relief Valves

The relief valve Omega rating value is defined as the value of the

Beta ten filter which can maintain the 1000 hour life of a given relief

valve in the system with a flow rite of 75 zpm and an ingression rate of

108 particles per minute treater Than 10;m.

t0
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Fig. (8-4) illustrates the derivation of the Omega rating for

relief valve OSU-VALVE-NO. 119-1. This was determined to be 15 from

this chart. This Omega rating derivation was computerized and its

detail is also presented in Chapter X.

The Omega rating forms a good basis for selecting the most

appropriate relief valve to install in a given system. It can also

predict the necessary filter protection requirement for a given

relief valve in order to maintain a specified service life.
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CHAPTER IX

PREDICTING FIELD LIFE FROM LABORATORY TEST DATA

Although the Omega rating system discussed in Chapter VIII is a

very important contaminant sensitivity rating index for fluid power

components, it should be realized that this value is based upon

laboratory test data. If this data is generated from a test which

operates the component in question at a condition unlike it will

encounter in the field, the Omega value will not be exact in its

specification. For example, if the test component is subjected to harsher

conditions in the laboratory than it will experience in the field,

the Omega value which is given to the component will be a conservative

value. Although this estimate is a valuable quantity, in some instances,

a more precise evaluation based on actual operating conditions is

desirable.

In the case of relief valves, the above discussion is of particular

interest. Because this type of valve is so versatile, a standard test

procedure which could examine the entire spectrum of relief valves and

their individual applications would be virtually impossible. For this

reason, the relief valve contaminant sensitivity test procedure was

designed to subject the test valve to the most severe conditions (max-

4 imum pressure at maximum relief flow) which it will encounter in the

field. As would be expected, the life prediction which is derived

will be a conservative estimate. In order to more precisely predict actual
F.

field service life, two options are available:
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I. Field contaminant distribution consideration

2. Field duty cycle consideration

Using Eq. (8-12) in Chapter VIII, an initial field life prediction car)

be made. By utilizing the field pressure degradation equdtion;

2
P(t) = P - Ln Qt (9-1)

the effect of duty cycle on field life can be considered. Both

approaches will be discussed individually below.

Field Contaminant Distribution

The equation for service life is a very valuable tool for predicting

the useful life which can be expected from a relief valve. Given an

actual field contaminant distribution, Fig. (9-1), the contaminant wear

coefficients (a), and the prescri:)ed allowable pressure degradation, the

useful service life of the valve an be predicted. This life represents

the operating condition where the test valve is passing its maximum

rated flow. With this value, the fluid power engineer can have valuable

insight into the expected life of noiiponents which are available to use

in a system.

Duty Cycle Considerations

The second option available 'o improve the life prediction builds on

the information derived by the initial life prediction. This approach

involves considering the actual field duty cycle which the valve is

operated at in the field. This method requires a knowledge of the system
'I

pressure versus time relationship which is expected to occur during the

'94,I
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normal operation of the system which the relief valve will be a part.

An example of this is shown in Fig. (9-2). This plot can be thought

of as the average operating characteristics of the system. As an

example, each time the bucket on a backhoe reaches its extremi positi(un

or when a sudden load is applied, the pressure in the system will

increase until the system relief valve opens. Until the bucket is moved

or until the load is removed, the valve will continue to pass contam-

inated fluid to the tank. It is during these periods of time that the

majority of the wear occurs. Also, the pressure versus flow profile

for the relief valve is necessary to use in conjunction with the

system pressure versus time plot. From these two sets of information,

two life prediction correction factors can be derived; the flow

correction factor (KF) and the exposure time correction factor (KT).

The derivation of the flow correction factor proceeds as follows:

1. From the system pressure versus time plot, determine the

maximum system pressure which the relief valve will

experience P Fig. (9-2)MAX
2. From the pressure versus flow profile, determine the amount

of relief flow, QACT' which accompanies PMAX' Fig. (9-3).

3. Divide the relief flow, QACT' by the maximum rated flow for

the valve.

Therefore;

K" QACT

F QMAX (9-2)

To compute the exposure time correction factor, KT, determin? the
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amount of time per minute during which the pressure surges are experi-

enced (Fig. 9-2). Therefore;

actual exposure time (sec)
KT per minute (9-3)

60

Combining the two correction factors into a single life multipli-

cation factor, KL;

L1

L KFKT (9-4)

This value is a correction factor by which the service life, T,

as calculated for the actual field contaminant distribution, is

multiplied. Therefore, the service life corrected for duty cycle is

determined as;

T KLT (9-5)

CORR L

This simple relationship is possible when the field degradation,

Eq. (9-1), is considered. As can be seen, the flow rate and exposure

time are directly proportional to the amount of pressure degradation

which will occur.

Although the Omega rating system is a valuable design tool, in

some instances, it is desired to know or predict the life of a component

given existing operating conditions. This chapter has presented two

such methods by which to predict the service life of a relief valve.

It should be remembered, however, that these procedures are options to

the main contaminant sensitivity evaluation technique presented in Chapter

99
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VIII and are not intended as replacements.
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CHAPTER X

COMPUTER PROGRAM FOR DATA INTERPRETATION

A computer program to interpret the relief valve contaminant sen-

sitivity test date was developed based on the data interpretation tech-

nique presented in the previous sections. The functions of the program

are as illustrated in.Fig. 10-1 to:

1) Calculate the contaminant wear coefficients for interval con-

taminant sizes.

2) Calculate the contaminant tolerance profiles for 1000 hour

and 10,000 hour expected service life.

3) Derive Omega Rating value.

4) Calculate a contaminant service life associated with a given

contaminant distribution.

5) Predict a field contaminant service life associated with a given

duty cycle.

The initial stage of the program consists of the contaminant wear

coefficient calculation. This computes the contaminant wear coefficient

(alpha) values for the interval size contaminants given test data gen-

erated in accordance with the procedures set forth in the relief valve

contaminant sensitivity test introduced in Chapter V. These values

represent the wear sensitivity of the valve under consideration. With

• the contaminant wear coefficients known, two alternatives are available

to utilize this valuable information--contaminant tolerance profile

calculation and field distribution life calculation. Because the first

101
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alternative constitutes the main body of the program, it will be dis-

cussed first.

Given the alpha values for the valve, the service life of a com-

ponent can be deternined by those methods presented earlier. This pro-

cess can also be reversed, or, by inputting a desired service life, the

contaminant distribution which will afford that requirement can be com-

puted. This particular program determines the tolerable contaminant

profiles, which will allow for 1000 and 10,000 hours of usable service

life in the field. This branch of the program is further implemented

by the omega rating program. Given the contaminant tolerance profile

for a valve, the beta ten filter model which will condition the fluid

to the level prescribed by the 1000 hour profile is calculated. Simply

stated, the omega program determines the beta ten filter down stream

contaminant distribution which is tangent to the extreme left point on

the 1000 hour contaminant profile. In this way, the quality of fil-

tration necessary to satisfactorily protect the valve can be determined.

The omega value also provides a very discriminating rating system for

all valves. As stated earlier, the profile and omega branch of the pro-

gram are considered to be the main computational effort to be used in

conjunction with the relief valve test.

The field distribution life branch of the program is a viable option

for those users who know the contaminant distribution which a valve can
.9

be expected to meet in the field. For this instance, the field contami-

nant distribution life program is a worthwhile effort. Therefore, the

calculation requires the values of the contaminant wear coefficients

• l| 103



as mentioned earlier along with the field contaminant distribution.

Because the former quantities are internally generated, the latter is

the only extraneous information required. This aspect has been sim-

plified for the user by requirinq only the number of particles of size

greater than 5om and 15,.m which are expected in the field. In this

way, the field distribution is mcdeled into a straight line distribution

on the particulate contaMination chart. Inputting this information along

with the test data, the expected service lire of the valve can be pre-

dicted.

A further expansion of this segment allows for those users who do

not know the fluid contamination distribution but still desire an approx-

imation of the expected field life of a ..3lve qiven particular contamin-

ation levels. This i accomplished by substituting the AC Fine Test

Dust distribution for the required particle numbers as listed above.

This again will predict the service life of the component in question.

Still another option available along this branch is that of actual

field duty cycle compensation on predicted service life. As should be

remembered, all of the previously mentioned elements of the program

assume the same operating conditions as those presented in the labor-

atory or continuous flow through the valve. Because this rarely is the

case, the effect of duty cycle was desired. As described in Chapter IX,

by knowing the pressure levels which will be used in the field, along

with the pulsation characteristics of the system, the duty cycle can

be accounted for. The actual input consists of the two correction

104
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values which were described in Chdpter 1X, the flow correction factor

and the exposure time correction factors. In this way, the actual

operating conditions and contaminant distribution which the valve will

encounter in the field are accounted for. Again, this option predicts

the service life of a valve under the prescribed field conditions.

The program is presented in its entirity below.

4
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%3F )RIA1 ENTEW TI-AC )RO)

)C COR = 1./ I F L't -)k -T Il'C lk I
TC UP =DCC J T L I F E

w R IT E (9, 4 9 1DC C R, Tr.'
9 1 RMATI' Frl A OUT'Y (YCLLF Cj <w E CT P'N FACT jR OF I, PE13 .4,/

+ ' TIE E XPFC I,, ) F I-L~ I E;V ICF L IF I SF 13. 41
W IT E (9,51 F L )C IIZ, TI1 4rI

51 FODRMATPl FL)CUk. IS 9 1T3.4,' -I14Cfl IS ' 9-3.41
55 ST 'P

ENO

SJikDtIT IN E PAR T
0D14 Et.'S I IN W K( 11

IS T( 6, 22)
C--IMN / BLK2/ AL [FF, T L. IE, A~,,IL IE, ,P

C **S ET P ART ICLEF SI Z S T rL s Ik fl VALir S
Of A 11) =5
DOI iD 1=2.NS!ZE

10 D 1 A( I)=10*( I- 11
C *$CALCULATE PART ICLFS 1I I4TERVAL I I-Ji IN RA\(,F (C-4(i

Dij 2 0 J=1 , 9
ACFT C= 175 1.S431 *I .- E X1'(1 471 92*A1 '( .)IA, ( Jf I
0.) 20 K=J.9
P(K,J (=0.

20 P U ,K1= ACFT Cl4R (K I
C **Z ALCULATE PAI(TICLES*12 F.:k ALL I JERVvALS FflIk tNRM 'A"IL

06J 30 J4=1, 8
J =10-JM
D) 30 K=J,9

30 P(J,Ii=I(PIJ,K)-P(J-I,K)p'GN.)kM)*$)
D-) 40 1=1,9

40 PCI, I)=(P(lI *CNClM)*02
R ET URN
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SJRJUTINE WEADlitPF. REF, C, TEMPVL ,44J,AXFLO, IATA,T )

C. P A I [ NG S!JP R IJT INEa

C
0 [MENS I]N PF(9 I, IATA(I 2)91
WRITE (6,50)

SF fIR ATP' ENTER ThiF FkELIEF vA LVE TI-ST AS TES C '
F ESAS( l,4OI 4 (ATA( C , I: it, 50)
WRITE (b,6n)

F)] r1J( AT(' ENTER THE V LVi TYP |
REAC(L, OIU(ATAII), I=SL, 701
WRITE (b,7C)

73 F .,,AT( * ENTtR TH-i n U-VALV-_ NU'IBE 'I

,WRITE | b,30)
30 FQRMAT(' ENTER TiHL )ATC ,)

I&EAOE1,4O IC IATAC I), 1' 1, 1OT
4<. F J .MAT(1OOA1)

T ITE (6, 80I
3) FI]RMATE' ENTER THF TEMPERATURE 'I

i, EAO( 1 , a) TE4P
wPIT E b, 90}1

90 F,.FMATI' ENTER THE SvSTr" vJLU'4E 'I
R EAC(1, * IVOL
WRITE (6,100)

1 0 I j IMAT(' ENTER THE GFAMS/L,.J[CTI| IN' I
1' E" DI 1, * IANJ
wRITE (6,110I

i11] F JNMAT(' ENTER THE M' X NAT.A3 FL,'
REAC{ L,' IAXFI]
WRITE (6,20 I

2") F JNMATE' E",TER REF FL,)1RPATE'

wRITE (6,123)
12J F JN'4AT(' ENTER THE V'ITIAI REF PRESS JRE'I

NEAC (1,') REF
02) i NUMal ,9
w,( ITE (6,5 )NU4
READ (hIe PI-INOM)

5 F1RMAT|' ENTER Pf ',121
10 CON TINtuE

wRIT EI ,.13 )
1l3C F )NMAT(' ENTE.K THE I IMc_| IN' w4IN. I' )

REACI 1,'*IT
RET URN
E 'L)

it

c108

-

' . . 'c +. . .'



SUBROUTINE CORR(UNC Rk,FSTC)R,ISIZ.,ClkRECI

C *4

C *DATA CJRR.CT ION S;3PRrIGRAM
C *FIJIO PJWER kEASEA-,CH CE':TER

C *LAST JPOATE 810814

C TH IS SUBROUT IN E IS A DAT A C JRREC TIO 4 S'lBR-JTI4E. I T F INDS5 DATA
c P0114TS THAT ARE ABriVF PQE~jI 'US CATA PflINTE, AND M)IVES THEM O.Ib" TO
C A PLINT EQJUAL TO THE P-(IVIUJS -lATA POINT, IT TH?'d MOVES DOWN ALL
C FOLLhINIG DATA PCINTS BY A14 E.JUAL P74CENJTAGE ANM''JN4T. AF TER EACH
C PASS THRAUGH THE DATA P:INTS IT CHECKS TI! SEE IF THERE HAVE REENJ
C ANY COARECT ICN'S MADE '),j TIiS PASS, If THE FF 14AVE 8EEN I T MAKES AN
C AN ITHEk PASS CI-ECKI 4, JR DATA P*JI'TS )IJT IF LIN].* THI S PR ICESS IS

t CONTINUFD UNTILL NI Cf'N.ECTIONS AKE '4A)E.
C
C,
C I~iOUTS
C UNCJRR - LJN)R- ELTEU DATA ARRA&Y
C FSTCOR - THE NuMBfR THAT THE FIRST DATA POINT IS
C C0j'IPARED TO.
C IS lI E - THE ARRAY SIZE :IF U

4
NC IRI AN) >?RREC

C
C OuTPUTS CORkE: - T~I: -RkkCTED DATA ARRAY

C LOCAL F AC TOR - THE CI)RRECTICN FACTOR
C

DI MENSIN UhC JR ISIZE , C1lkRfC IIS IZE I
C SET CORREC EQIUAL TO UNCORK

Drl 5 I=1,ISIZE
CDIRRECIII = UNCrIRRMI

5 CONTINUE
C SET TIE CORRECT ICN FACTOR E)UAL T) 1DO PERCENT

F A(CTR T
IF (CORREC( 1).GT.FSTC)II FACTO1R = rsT:-OR/C-IRREClll

CC~kREC11) zCJRREC~l I4FACTIR
10 CONTINUJE

C START CO-LOOP TO CHECK AND CIRRECT )ATA PO)INTS FROM 2 TO ISIZE
DO 15 1=2,ISILE

IF (CORRECt I).GT.CIRRECII-1I.AND.FAC
T
DR.EQ.1.31

+FACTOR =C3RREC(I-1)/C9RREC( I)
CORRECt I) - CORRECt IM)FACTOR

15 CONTINUE
C RETURN IF NO CORRECT IDNS I-AVE BEEN4 MADE

IF (FACTOR.EQ.1.O) RETURP.
C SET CORRECTION FACT31 EQAL TO 100 PERCENT AND MAKE ANOTHER PASS

FACTOR =1.0
GO TO 10
END

.4
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SJ13R.IUT IN L AL P IAL PHA, PO,PF,.QPT TAU, I Mt X

C *AL I-A C AL CJL AT IIN S01 Pk{AAP A
CFLIL) P1.4FR RESEACH C E';7i R

c LAST JPOATE 100814

c
C THIS SUBROUT INE CALCOLATr S THlE wvEAR CI.,EFFlClFP.T > F -1 A lREL I IF V4
C . THE U . WEf E LiE4VIEO AT THE F LIJ) PIWFP. KESEA-(CH CENTEk IF Yr'J
C HAVE ANY tQUEST ICNS ARIOT THLM PL EAS.- OALL JS AT 4,05-t24-7375.

C INPJTS
c Pa - RAT ED PRESStlRE DF THE VALVE
C PF - AIkRAY OF F INAL PR ESSURES
C Q FLOI'
C P -Ak'4AY CJ'iTA1414G PAPRTICLE :UoNTS S2UARE.3
C T -TI ME I N M I NU TES
C T AU C CJ A I INAN T DcST- UC TI ON RA TE T IME C CNSTA% T
C [MAX NUJMBEk OF INJECT I CNS
c
C )jT PUT S
C ALP I- A - AkR AY OF CONT AMI1N ANT W E AR COEfFFIC IENT S
C
C ICCAL
C, ITE'PP TEMPURARY VAR. F )k~ fl)-L")P CJUNTER
C TEMP - TEMPUIRAkY VA R. F OR EJMAT IUN OF AL PHA
C

DIMENSIIN ALPHA(21),PF(IIAXhPIMAXIMAX),TAIIMAX)
C

ALPHA(Il- IPO-PF(1)1/(PI1,1)*Q*TI
ALPHA(21 - (I/P(2,2))*)((PO-PF(2Ii/( ST)H-ALPHAI1)*P)1,23)
ALPHA3 - *( PF 3 )-PO#-*T*l AL PHAI I 0P 1 1 33#ALPA2 I*P 2 3 J/ Q*

+ P(3,3)*TAU(3)*(EXP(-2*T/TAJ( i)1- 1)1

D0) 10 1=4,IMAX
ITEM4P I- I-
T EMP 0.
D0 5 J-3, ITEMP

TEMP - ALLHAI J)PIJ, I )#TAUIJI 0 EXPI -2* T/TAUIJ) )-I TEMP
5 C ONT I NUE

ALPHAM) - 2*EPF I I)-POO*Q*T* (ALPHA( I)*P1 1, 1 ).ALPI-A(2 I*PI2, I II-
+ ~5*Q*( TE4P ))/(W.*PtI 191)*TAU( I)*( EXP 1-2*7/TAU(I I1 -1) 1

10 CONTINUE
C SET ALL REMAINING ALPHAS EQUAL TO ALPHA( IMAX I

ITEMP -IMA.X+1
00 15 I= ITEMP,2 I

ALPHA I I I ALPHA IIMA X1
15 CON~TINUE

RETURN
END
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S'JdROUTINE PROF ILl ANDSAV,DSTOPFI

C *

C *C.)N TAMI NAN T I"L E A'JC E PRIF I L F
C L 0 10L ,'Cdf k SFAACH CENTER
C I.S;.U. 0

* L AST JPEATF M04~14

C

DINENSIJIN ANOSAvI 2, 1't,)ST IMLE 181
C9MMGN /I3LKI/ ALPHA( 21), CIA( 21 ),!W?2),P( 9, 91PFDfNSIEGNR4tDI

1STI L,221
COJ'M(N /BLK2/ ALIIF,TL1IfE,A'JD,-),ILI1E,Q,P0
ALIFE =1000.0
00) 260 K=1,2

Dri 215 1=1, 18
ANDSAV(K,1 l=O

215 CUNTINUIE
LOCAL =2

4Nt) = .C1

IL IFE = I
P-= . 3

BMIN tBL
BMAX =BMIN*.5
REDUC = .C1/EWAX-BmIf41
O OSWU Ef 1

230 CALL CCLC(BMIN,fBMAX,REOUC,L)IFF,)D,L,-,N'1, CCALI
IF EIliIFE .EQ.2 I GJTfl 235

ILOG - ALUGIOCANJI
IF fI LOG.LT.DJ ILD~LOG-l
ANI -2.C*10.**ILCG
AND = ANO*ANI
GOTO 230

235 IF IANO.UEJ.O.011 GOWC 255
ANMIN = AND-AN I

ANMAX = AND
AND = AND-ANt /2.
DO 245 J=1,25

CALL GCLD(BMIN4,8MAX,REDWC,D1FF,BGO0)DBL,BRNNLOCALI
IF I [LFE.tQ.21 GOTO 240

BNIN =BL

REDUC =I.OE-3/I8TIAX-BMIN)
ANMIN AND
GDTO 245

240 IF IOIFF/ALIFE.GE.-O.01I GOT) 250
ANMA X 7 ~4

245 AND - IANMAX*-ANMINI/2.
250 IF (J.LT.251 ANDSAVIKPlI) AND

IF (AND.GT.l.E+1OI Z;OTO 260
ANC - ANC + ANI::: CONTINUE

RETURN
U END

of1



FUNCTION FX IX)
IF |X.GT.5.) GO TO 10
C=X *SQRT (2 ./14 * 'AT AN I1 .)
F X= C
N-2

[=-I
F=I
Silt-- C* I I * X** ,/( 2.s * IN/2 *F S(N# 11
FX= FX +SUM
IF (ABSi SUM/FxI LE . E-8 GO T'1 15
N= +2

I=-I
F -F *( N/2)
GO TO 5

10 FX=:
RE IURN

15 FX= O.5+FX/2.
RETURN
E ND

SUBROUTINE LIFE (OI, S, IP)
COMMON / 8LKI/ ALPHA(21 , DIA(21 h),P 221 P( 99, PFDNSIZE, GNJRM,O
IST( 69 22)
COMMON /eLK2/ ALIFFTLIFEANUD, IL IFEvQPO
DIMENSIrON FN(IO)
IF (IP.EQ.21 GO Tr, 10
PO =01
Do 5 IsI,NSIZE
P O2= ALOG( DI I( -B*AL )G IA( 1 I I**21
P0? =EX'( PD2 I
FNI I =POI-PO2

P DO=PD2
GO TO 20

10 0 15 |=1.NSIZE
15 FN(I)=CPIII-DPI 1+I)
20 SUM=0

DO 25 J1IvNSIlE

IF (FNIJ).LT.I.E-30) FNIJ)-O.
25 SUM'SUM.ALPI-A(J)*FN(J)*FN|J)

TLIFE=((PF PfO901/O0o. I|(60.*SUMI
RETURN
END

I
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SUBROUTINE COLD (XL,XR,F,YRJGvXBIG.XL1,XR1,Ng,LI:ALI
COMMON /BLKL/ ALPHA(21,,OIA(21JOpg?2A,P(9991,PFDNSIZEGNORN9)I

1ST (6, 22 1
COMMON / BLK2/ TI IFE, AL 1FF, AND, L IFE, ', P0

5 N=O
XLE FT=XL
xRIGHT=XR
SPAN=XR-XL
DELTA-ABSSISPANJ

10 X1'=XL*0.38lS66*DELTA
X22XL+0. b18C34*LOELT4
CALL MERITI. 41,It
IF (ILIFE.EQ.1.AND.LOCAL.EQ.21 GO TO 60
CALL MERIT1 (X2,y2)
IF (IL IFE.EQ.1.ANO.LOCAL .EQ.21 GI T3 6C
N =N+2

1I F (ABSI XL-XR I-ABS( F*SPAN# 1 359,35, 20
20 DELTA=0.610034*DELTA

IF (Yl-Y2) 25,55,30
25 XL= Xl

Xl=X2

X2=2 XL +0.6 18C34*)ELT&A
CALL MER ITI 1 (X2vY2I
I F I IL IFE.EQ. 1 .AND. LOCAL.E J. 2 GO T 0 S
N='l 41
GO TO 15

3C XRzX2
Y2= VI

Xl=X2(+0. 381 566* ELlA
CALL MER [TiI X1,YiI
IF (ILIFE.EQ.1.ANO.L0CAL.EQ.21 GJ T3 60
N-N4 1
GO TO 15

35 IF (Y2-VI) 4Q,4O,4i
40 YBLG=Yl

XBIG-Xl
GO rO 50

45 YBIG-Y2
XBIG.X2

5c XL I -XL
XRI=XR
GO TO 60

55 XL-XL
XRw X2
DELTA=XR-XL
GO TO 10I 60 XL. XLEFT
XA=XRIGHT
RETURN
E NO
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SUBROUTINE MERITI (BDIFF)
C )MMON /BLKL/ ALPHA(211, C1A(21)DP(??,P(4# ) PF,NS ILEGNlRM,~ 0
ISTI 6,221
CDMMCN /BLK2/ ALIFE,TLIFEANDtDILIFE9QvPO
01= ANO*EXP( B*ALOG( )I*.'2 1
IL IF E=2
CALL LIFE ICI,B,1)
IF (TL IF E.G1. CI*AL IF EI ILIFE=l
D IF F--ABS (TL IF E-AL IF EI
RETURN
END

SUBROUTINE OUT IATA, TEMP,V91,A4JAXFL),QZERD,ANITALPPRESSUiRATIO)
DIMENS19N IATA(2001,PRESSLJ(9)vRATI1(91
WRITE (9, l0)l ATAl I), 1=1,75)

10 FORMAT(IRELIEF VALVE CONTAMINANT SENSITIVITY TEST RESULTS 1///v
+ ODATE TESTE):',1OAIvO TEST LOCATION: FPRC-USU 1/,

+ RELIEF VALVE TESTED:1',40Alt/
+ ' VALVE TYPE:' ,0A1 ,' CSU-VALVE NO.:' ,5A II
WRITE f 9 20 ITEMPt VOL PANJ PAXFL0,QZEROPANI TAL

20 FORMAT(' FLUID TEMPERATLJRE:19FS.191F SYSTEM V)LUME:*,F4.lt'LITTE
+RSI/ ITEST FLUID: MIL-L-2104 CLASS 10 GRAMS/INJECTED :',F4.l,/

+ I FLUID VISCOSIY: 15.2 CST GRAV.LEVEL: 100 10G/L 1/,
+ I MAX RATED FLOw:*,F5.1,'GPM',/
+ I REF FLOW RATE: ',F5. 1, GPM' .1
+ INITIAL REF PRESSURE' F8.1, 'PSI *,1
+ / 'OSILE INJECTED' vT20i,' REF PRESSURE'PT35,' PRESSURE DEGRADA
*TION',/1 IMICROMETERSI*97209' (PSI$ 0 ,T3S,'I RATIO' I

K OU NT-5
DOJ 30 1-1,59

WRITE (9,251KOU4T,PRESSUlII,RATIOII)
25 FORMAT4' 0-lq129T22qF8.lT41,F8.3)

IF (KO(IN4.EQ.51 KOUNTO0
KCIUNT-KOUNT.10

30 CON~TINUE
R ET URN
E NO
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SUBROUTINE OUI241ATA*ANUSAV,DSTIREvJM44Gl
DIMENS19JN IATA(2001,ANJSAV(2,181,cISTOREIIBI
WRITE (991011 IATAII),I=1975)

10 F9HMAT(I'RELIEF VALVE CONTANINANT SENSITIVITY DATA INTERPRETATI3140
+ t/// DATE TESTED:191CA1,' TEST L']CATYONl: FPRC-OSUI
+ . RELIEF VALVE TESTEn: 994041
+ I/ VALVE TYPE :*,20A1,'GSU-VALVE NO.:',SAl
+ .1 I RELIEF VALVE CONTAMINANT TJLERAPICE PRfIFILE .
+ /1 20,' 100C H9UR, 735,*10,000 HMUI,

f PARTICLE$# T20.1 NO. PARTICLES# ,T35 I NO.PART ICLES'/
+ SIZE. MIC.,tT20,'SIZE/ML.',135,'SIZE/ML.'I
wRiTE (9,20IIDSTORE(IIANOSAV(1,tLANOSAVI2,lI,1=I,18

20 FOR'4AT(H POPF5.1 ,T1891PE13.40T3391PE13.41
IF I'MAG.LT.1.51 sdRITE 19,301 Ot4AG
IF ()MAG.GE.1.51 WKITE49*40) CIOAG

30 FORMATI//T20,' TEsr 014EGA= o64///
43 FORMATI///T20,' TEST OMEGA=1,6////

RETURN
END

SUBROUTINE CMAGAI SIZEX, NUMY ,BFTA)
DIMENSION SIZEXI 181,NUM4181
IF (NUMY(II.LT.3.01 GOT) 1010
SLJPE=-2. 64
YSEC=7.81
J=1
1=0

950 1=1+1
SLOPEX=(NUMY( I+1I-NUMYII 3)/(SIZEX(I1I1-SIZEXI III
IF ISLOPEX.LT.-3.821 GOTC 950
1= 1-1

960 1=1+1
970 YFLT=SL)PE*(SIZEXIIII.YSE:

DD=YFLT-NUMY( II
IF DO.LE.C.0) GOTO 980
J=J +1

* IFIJ.LE.I0) GOTO 971
IF IJ.GT.10.AND.J.LE.I9J GJTO 972
IF (J .GT .19.AND .J.LE .271 GOTO 913
IF (J.GT.27.AND.J.LE.36J GOTO S74
IF (J.GT.36.AND.J.LE.451 GOTO 975
SLOPE=-3.43-(0.32/9.01*( J-'.5
YSEC=3.60-I0.66/9.OI*IJ-45 I
GOTO 970

971 SLOPE-.64-0.06/9.01*IJ-1)
YSECu7.81-( C.93/9.01*IJ-1
GOTO 970

972 SLOPE=-2.70-(0.29/9.01*(J-10)

YSEC*6.88- C. 72 /9.01* IJ-I1
GOTO 9764973 LPw29-00/.JJ-1
GOTO 970

974 SLOPlE-3.02-(0.31/9.03*lj-2?)
(1 VSECwu5.19-IO.68/9.OI*fJ-27I

.9 GoTa 970
975 SLOPEm-3.33-1O.LO/9.0I*IJ-361
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pwg

Y SL C=4 .5 1.- C. 91/9.01 *( |j
- .?61

G,]T ) l70
990 YN(XT=SL)PE*( S L Z E X(11 I+YSE C

D)NF XT=Y EX T-N Um I I+1
IF (LV.LT.JXTI GJTn 9e0
1F 1C.LT.-C.21 GJrTr 9q90
If J.LE.10) 8ETAzI.01+O.OL*J-I

S GJ. IT. 1 C.ANO.J. LF.1 | 19 TRA.=I .1.3 o.L ,J-(i
F (J GT 1 A-N) .J L L 21) Rt TA=2 .. ,O1 ' tJ-9)
- 2J.GT.2A.AN0.J.LE. *3) I ETA= 1O. J-6)

CF |J.IT.36.AND.J.LE.4S) ETA =10. I J-351
IF (J.CT.45) BETA= ICC. 'J-44)
X 9", =AME AN-SC
GUT'1 1030

990 iv R IT F(9, 9'5 I
F WkMA3(I , CISTRIBU1'1 1.)t C .. T fi F RA GEO |
G,]TCO 1030

1013 WRITE (q,9951
1C30 C YJ TIiNUE

F, tT uJRN
ENO

SUBRIUTINE LI F1 ANOC0;,ANJ15
COMMON/RL K 1/ALP FA( 2 1 )1 A( I I ,P( 221 ,P 9, 9, PF JNSI ZE, GNORM, O ST 16

+,22 1
CJMMON/BLK2/ ALIFFTLIFE ,AND,C, ILIFE, P0
DIM ENS ION FNI21 )
B=ALOG(AND005AN[15)/4 .7 .32
0IzAND05/EXP(-B'2.5Q031
Pol =01
DJJ 5 1=1 ,NS IZE

P02=r)1*EXPI -8AL)GJIA II 1 *21
FN( I)=PC1-P02
PDI1=P02

5 CON T INUE
SUM=O.
00 25 J=I,NSILE

IF(FN(J ).LT . IE-30) F4 .J I=0.

SIM=SUMALPHA(J)*FN(J I*FNI J
25 CO' T INUE

T L I FE= I (PF C*P IH 100 .U 1( 60..SUM I
RETURN
END

(;

(-I

116

;0 ,



CHAPTER XI

A GENERAL COMPARISON OF THE CONTAMINANT
SENSITIVITY OF DIRECT-ACTING AND PILOT-OPERATED RELIEF VALVES

This chapter presents a general discussion of the effects of con-

taminant on the performance of the relief valves which have been tested

during this project. The format will be to discuss the contaminant

sensitivity of direct acting relief valves, the contaminant sensitivity

of pilot-operated relief valves, and finally a direct comparison of

both. The latter segment will consist of the test results which have

been generated during the testing period along with the data inter-

pretation results by the methods described in Chapter VI-X.

The relief valves which have been evaluated using the new test

method (Chapter V) were donated by nine separate manufacturers. Of the

eleven valves evaluated, four were direct acting valves, and the re-

maining seven were pilot operated valves.

The degradation characteristics which the direct-acting relief

valves exhibited were relatively consistent for all four valves. For

* each, contaminant wear resulted in the gradual reduction of the entire

pressure/flow characteristics of the valve from the original values.

In other words, the pressure/flow profiles following injections of

contaminant were similar in shape to the original profile, except for

the magnitude of the pressure at the same relief flow.

An example of the pressure/flow degradation for a direct-acting
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relief valve is shown in Fig. 11-1. Degradation of this type aoes not

pose an immediate threat to the proper operation of a system. The major

problem is the increase in leakage flow which results from contaminant

we a P.

Because fluid power users are working to increase tne energy

efficiency of systems, this type degradation cannot be tolerated due

to the resulting increase in power loss which this degradation causes.

A final comment on the contaminant sensitivity of direct-acting relief

valves deals with phenomenon of contaminant lock. This was explained

in earlier sections to be practically non-existent for direct-acting

valves. This proposition was verified by the direct-acting valves which

were tested. Therefore, of the two modes of contaminant sensitivity,

contaminant wear effects are the most detrimental to the proper operatior

of direct-acting relief valves.

Considering the contaminant sensitivity of pilot-operated relief

valves, due to their self-regulating properties, these valves were

observed to have more problems than direct-acting valves. Contaminant

wear was seen to have marked effects on the performance of pilot-

operated valves. Fig. 11-2 and 11-3 illustrate the degradation of the

pressure/flow profiles for two different kinds of pilot-operated valves.

For those valves which exhibited the pressure/flow characteristics

similar to Fig. 11-2, the initial portion of the pressure/flow profile

9I was observed to degrade more severely than the flat, level portion of

the curve. For these valves, obviously, the pilot stage of the valve
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is the firs to be effected by contaminant wear. Because this stage

of the valve is essentially a direct-acting relief valve, its wear

tendencies are similar to those of separate direct-acting valves.

Pilot operated relief valves are generally selected for use in

systems requiring a constant level of system pressure. Because of the

alteration of the pilot-controlled segment of the pressure/flow profile,

the consistent pressure characteristics of these valves are destroyed.

For those valves exhibiting the pressure/flow characteristics sim-

ilar to Fig. 11-3, performance degradation due to contaminant wear was

also observed to occur in a consistent manner. With these, as with

direct-acting valves, the degraded pressure/flow profiles are very

similar to the original profile before wear, the major difference being

the degraded pressure levels for the same relief flow. The increased

power losses are subsequently the major concern due to this type per-

formance degradation.

One point concerning the contaminant sensitivity of pilot-operated

valves which is drastically different than direct-acting valves is the

contaminant lock sensitivity. In several valves which were tested after4 the pressure was reduced following a period of high pressure at which

the relief valve was completely open, the control elements inside the

valve would not return to their normal positions. This resulted in two

• f' effects; 1) pressure could not be built in the system, and 2) even for

extremely low pressures, sizable quantities of fluid would pass through

122
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the valve. This condition probably was the result of the main control

piston of the valve silting in its extreme open position. This can ex-

plain both characteristics above. The silt can, however, be eliminated

by agitating the valve body in such a way that lateral vibration is

applied to the main control spool or piston. Although the occurrence

of a silt in moderately clean fluid is almost negligible, this suscept-

ibility should not be overlooked.

Thus, for pilot-operated relief valves, although contaminant lock

is a real possibility, contaminant wear is an inevitable occurrence

and thus demands the more serious consideration.

As an initial statement concerning the relative sensitivity of

pilot-operated and direct-acting relief valves, in general, pilot-

operated valves are more seriously damaged due to fluid contaminants.

To illustrate this point, Fig. 11-4 shows the pressure degradation

ratios versus contaminant size per injection for the 11 relief valves

tested. Close examination of this plot reveals some interesting

statistics. For those valves tested, the only ones which degraded

more than 20, over the entire course of the test were pilot-operated

valves. This provides for the reasonable conclusion that pilot-

operated valves, in general, are more sensitive to contaminant than

direct-acting valves.

0To determine particle size sensitivity, the order in which the

test valves degraded more than 10; was considered. Fig. XI-5 illus-
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trates this analysis. Those valves which are direct-acting have been

circled to distinguish them from the pilot-operated valves. As can be

seen, the first relief valve to degrade 10% was a pilot-operated design.

This occurred after an injection of 0-lOom contaminant. Only after

an injection of O-40pm contaminant did a direct-acting valve degrade

to this extent. The majority of the direct-acting valves which degraded

more than 10% did so only after the contaminant injection of O-70m.

In comparison, by this size injection, all of the pilot-operated valves

which degraded 10 had already done so. This occurrence points to the

conclusion that the pilot-operated valves which were tested were more

sensitive to small size contaminant particles than the direct-acting

valves which were tested.

Proceedinyj to the illustration of the computer aided evaluation

of the test rw'ults, Flg. 11-6 presents the computer generated 1000

nour contaminant tolerance profiles for all of the valves which were

tested. The most important point which should be drawn from the obser-

vation of thi1, grapn is the variations in the tolerance profiles

for each valve. In no instance to two valves display the same con-

taminant tolerance profiles. This is consistent with the results of

the actual degradation data illustrated in Fig. 11-4. As discussed

in Chapter VIII, these profiles can be used to select the beta ten

filters which can adequately protect the valve in question. These

filter values are referred to as the omega values. The omega values

for all the valves which were tested are presented in Table 11-7. Also
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listed in the table is the relative ranking of these valves in com-

parison to the others. Because the omega value represents the degree

of sensitivity to small contaminant particles, those valves which

displayed a low omega rating can therefore be considered to be

relatively insensitive to small particles. At the other extreme,

those valves with high omega ratings are extremely sensitive to small

contaminants and thus are much harder to protect in the field.

Briefly summarizing, this chapter has presented the test results

from 11 relief valve contaminant sensitivity tests conducted as de-

scribed in Chapter V. This consisted of a direct degradation versus

contaminant size analysis and a computer generated contaminant tol-

erance profile for each valve. This method provides a powerful new

tool for hydraulic engineers and designers in the selection of quality

components.
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CHAPTER XII

RECOMMENDATION AND CONCLUSION

The conclusions which have been drawn as a result of this re-

search effort can be summarized as below:

1. The previously used relief valve contaminant sensitivity

test and assessment procedure are unfit for industry stand-

ardization and as such should no longer be considered viable

alternatives for relief valve contaminant sensitivity studies.

2. Although pressure relief valves are susceptible to the

occurence of contaminant lock, this form of contaminant

sensitivity is much less harmful to the long-term operation

of these valves than the ever-existant contaminant wear

process.

3. Of the two modes of contaminant wear which occur in relief

valves, erosive wear effects have been determined to be

much more significant than the effects of three-body abrasive

wear.

4. The Relief Valve Degradation Theory presented in Chapter VI

accurately represents the performance degradation of relief

valves due to contaminant wear effects. Therefore, this theory

should be the basis for any subsequent assessment procedure

for the contaminant sensitivity of relief valves.

5. Generally speaking, for those relief valves which were tested,

pilot-operated designs were observed to be more sensitive to

fluid contamination than direct-acting designs.
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Because the Relief Valve Contaminant Sensitivity Assessment

Procedure presented in this report adequately fulfills all of the

objectives proposed for this contract, it is recommended that it

be considered as a Military Specification test procedure. It is also

highly recommended MERADCOM provide additional funding so that this

technique can be promoted through SAE subcommittee by the FPRC for

acceptance as an SAE recommended practice.
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